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초록: 산화 그래핀(GO)은 기계적 및 열적 특성을 향상시키기 위해 고분자 매트릭스에서 강화재로 사용되는 탄소 기              

반 나노 소재이다. 표면 처리를 통해 GO에 다양한 기능성 작용기를 도입할 수 있으며, 이는 고분자 매트릭스와 강력                

한 결합을 형성하여 재료의 강도와 내구성을 크게 향상시킬 수 있다. 본 연구에서는 GO의 표면에 기능성 작용기인               

아미노프로필이소옥틸 폴리헤드럴 올리고머 실세스퀴옥산(POSS-amine)과 글리시딜 POSS 케이지 혼합물(POSS-       

glycidyl)을 도입하여 GO와 고분자 매트릭스 간의 계면 결합을 강화하는 것을 목표로 하였다. glycidyl-GO-POSS로            

수정된 산화 그래핀은 표면 처리되지 않은 GO와 비교하여 기계적 특성과 열전도성이 향상될 뿐만 아니라 에폭시 매               

트릭스와의 계면 결합이 강화됨에 따라 응집이 감소하는 것을 알 수 있었다. 또한, GO 나노복합재의 열 경화 전과                

후의 유변 물성 비교를 통하여 POSS 처리된 GO의 계면 결합력 향상에 대한 점탄성 분석을 수행하였다.

Abstract: Graphene oxide (GO) is a carbon-based nanomaterial that serves as a reinforcement in polymer matrix, 

enhancing their mechanical and thermal properties. Surface treatments introduce various functional groups onto GO, 

facilitating strong bonding with polymer matrices and significantly improving the strength and durability of the material. 

In this study, the functional groups of GO are modified using aminopropylisooctyl polyhedral oligomeric silsesquioxane 

(POSS-amine) and a glycidyl POSS cage mixture (POSS-glycidyl). This modification aims to enhance the interfacial 

bonding between the filler and the matrix. GO modified with POSS-glycidyl (glycidyl-GO-POSS) exhibits improved 

mechanical properties and thermal conductivity compared to untreated GO, while also reducing agglomeration due to 

enhanced interfacial interactions with the epoxy matrix. Furthermore, the enhancement of interfacial bonding is char-

acterized through viscoelastic analysis of both uncured and thermal-cured GO nanocomposites.

Keywords: graphene oxide, polyhedral oligomeric silsesquioxane, rheological characterization, interfacial adhesion, 

nanocomposite.

Introduction

Epoxy resins, classified as thermosetting plastics, are widely 

recognized for their exceptional mechanical strength, corrosion 

resistance, chemical stability, and insulating properties. These 

characteristics have resulted in their extensive use across var-

ious industries, including adhesives, coatings, electronic pack-

aging, automotive manufacturing, and aerospace applications.1,2

Despite their versatility, the widespread application of epoxy 

resins is limited by their inherent brittleness, which stems from 

the high crosslinking density in their structure.3

To address these limitations, recent research has explored the 

use of rigid, high-performance carbon-based nanofillers, such 

as carbon nanotubes (CNT), graphene, and graphene oxide (GO), 

as reinforcement agents.4-6 Among these, GO, a derivative of 

graphene, is particularly notable due to its superior performance
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characteristics and cost-effectiveness.7 Unlike graphene, GO 

features significant surface oxidation, which introduces abun-

dant reactive functional groups, including hydroxyl, carboxyl, 

and epoxy groups.8 These functional groups not only enhance 

chemical reactivity but also contribute to improved thermal 

conductivity compared to CNT.6 However, achieving uniform 

dispersion of GO within a polymer matrix remains a consid-

erable challenge. Non-uniform distribution can impede the 

overall performance of GO-based composites, making effec-

tive dispersion techniques essential.9-11 The functional mod-

ification of GO is crucial for addressing this issue, as it improves 

its dispersion within the polymer matrix and enhances inter-

facial interactions.12 Polymer composites significantly influence 

physical and chemical properties when the interfacial bonding 

strength between fibers and matrices is enhanced.13 In addition, 

uniform dispersion is essential for interfacial bonding strength, 

which can be analyzed using rheological methods.13-15

In recent years, the incorporation of polyhedral oligomeric 

silsesquioxane (POSS) in the fabrication of polymer compos-

ites has garnered significant attention.11 POSS exhibits a sili-

con-oxygen core, represented as (SiO1.5)n, where each silicon 

atom is bonded to organic groups.12,13 Its hybrid structure com-

bines the advantages of organic components, such as flexibil-

ity, solubility, and high reactivity, with the benefits of inorganic 

components, including rigidity, strength, and thermal stability. 

In addition to these properties, POSS has been utilized as a sur-

face modifier to enhance the dispersion of nanoparticles within 

the polymer matrix.12,16-19

This study focuses on the functional modification of GO 

using two types of POSS: POSS-amine and POSS-glycidyl. 

The objective is to improve the bonding strength between GO 

and the epoxy matrix. 

The resulting epoxy composites were characterized by their 

mechanical and thermal properties, demonstrating significant 

improvements compared to neat epoxy. Enhanced dispersibil-

ity was confirmed through rheological characterization, high-

lighting the potential of this approach to address challenges 

associated with GO dispersion and interfacial bonding.

Figure 1. (a) Schematic of functionalized GO fabrication process and chemical structures of (b) GO and amine-GO-POSS; (c) GO-NH2; (d) 

glycidyl-GO-POSS.
 Polym. Korea, Vol. 49, No. 3, 2025



336 M. Kim et al.

 

  
Experimental

Materials. GO was purchased from Graphene All (South       

Korea). Aminopropylisooctyl polyhedral oligomeric silsesqui-

oxane (POSS-amine) and a glycidyl POSS cage mixture (POSS-

glycidyl) were obtained from Hybrid Plastics Inc. (AM0207 

and EP0409, USA). The curing agent, which is based on a 

cycloaliphatic amine, was supplied by Kukdo Chemical Co. 

(KH-816, South Korea). The epoxy resin, derived from the 

diglycidyl ether of bisphenol F, was also provided by Kukdo 

Chemical Co. (YDF-170, South Korea). (3-aminopropyl) triethox-

ysilane (APS) was purchased from Daejung Chemical & Met-

als Co. (KH-550, South Korea).

Functionalization of GO. After adding GO or GO-NH2 to        

the solvent, the mixture was subjected to tip sonication for 30 

min in a cold bath. Subsequently, an excess of material was 

introduced into the solution, and magnetic stirring was performed 

for 12 h at 60 ℃. The mixed solution was centrifuged three           

times at 8000 rpm to remove unreacted materials. The final 

product was thoroughly dried and then heat-treated in a vac-

uum oven for 5 min at 200 ℃.

In case of Glycidyl-GO-POSS, firstly, the functional group 

of GO was modified to be an amino group (GO-NH2) by grafting

APS. Subsequently, POSS-glycidyl was grafted through a substitu-

tion reaction between the amino group and POSS-glycidyl, 

resulting in Glycidyl-GO-POSS.

Preparation of GO/EPOXY Nanocomposites. Epoxy com-     

posites were prepared with varying concentrations of GO, amine-

GO-POSS, and glycidyl-GO-POSS at 10, 15, 20, and 30 wt%. 

amine-GO-POSS and glycidyl-GO-POSS particles were intro-

duced into the epoxy at these concentrations and mixed for 5 

min using a planetary centrifugal mixer (ARE-310, Thinky Mixer 

Corporation, Japan). A KH-816 hardener, in an equivalent ratio 

of 20:11, was added to the mixture and mixed for an additional 

6 min (2 min for mixing and 4 min for defoaming). The resulting

composites were cured at 60 ℃ for 24 h.

The CNT/glycidyl-GO-POSS/EPOXY composite was pre-

pared by maintaining a total content of CNT and glycidyl-GO-

POSS at 30 wt% and adjusting only the ratio (1:29, 3:27, 5:25).

First, just CNT and glycidyl-GO-POSS were mixed for 1 min 

using a planetary centrifugal mixer. The subsequent procedure 

for preparing the epoxy composites remained consistent with 

previous methods.

Characterization of Functionalized GO/EPOXY Composites.    

The synthesis of GO with POSS was verified by FTIR (Spec-

trum 400, PerkinElmer, USA). Field-emission scanning electron 

microscopy (FE-SEM, JSM-7900F, JEOL, Japan) was used to 

identify the morphology of the cross-section of the epoxy com-

posites. The mechanical properties of the epoxy composites 

were analyzed by a universal testing machine (UTM, MCT-2150, 

A&D Company, Japan). The thermal properties of the epoxy 

composites were measured using a laser flash analyzer (LFA, 

LFA 467 HyperFlash, NETZSCH, Germany). The rheological 

properties of the uncured epoxy composites were measured 

using a rheometer (MCR302, Anton Paar, Austria) with a 50 mm 

parallel plate. The cured epoxy composites were analyzed using 

a Dynamic Mechanical Analyzer (DMA) (DMA850, TA, Instru-

ments, USA) in film tension mode.

Results and Discussion

Functionalization of GO with POSS. The functionaliza-     

tion of POSS on the surface of GO is essential for increasing 

interfacial adhesion between the polymer matrix and nanopar-

ticles. The FTIR spectra confirmed the successful introduction 

of POSS. Figure 2 shows the FTIR spectra of GO, amine-GO-

POSS, GO-NH2, and glycidyl-GO- POSS. Figure 2(a) presents 

the FTIR spectra of GO and amine-GO-POSS. The broad peak 

at 3730 cm-1 in the GO powder corresponds to the –OH 

stretching vibration attributed to hydroxyl groups on the sur-

face.11 The oxygen-containing functional groups in GO are 

identified by peaks at 1045, 1223, 1403, and 1773 cm-1. These 

peaks correspond to the stretching vibrations of C–O, C–OH, 

carboxyl C–O, and C=O.20 The peak at 1576 cm-1 is attributed 

to the stretching vibrations of the -NH2, while –C–NH2 has a 

distinct peak at 1357 cm-1. In particular, the strong peak at roughly 

1090 cm-1 corresponds to the Si–O–Si group of POSS, indi-

cating that POSS-amine was successfully grafted onto the GO 

surface.21 The grafting of APS onto GO is shown in Figure 2(b). 

The peak at 2885 cm-1 is associated with the stretching mode 

of NH2.
22 Figure 2(c) shows the glycidyl-GO-POSS. The spectral 

area (890-950 cm-1) is distinguished by a peak at 918 cm-1, which 

is associated with the C–O–C (glycidyl group).20 These results 

demonstrate that GO can be successfully modified through cova-

lent bonding with POSS-amine, APS, and POSS-glycidyl.

GO and CNT Dispersity in Epoxy Nanocomposites. The     

fracture surface was observed using FE-SEM to confirm the 

Table 1. Preparation of functionalized GO

Sample name Solvent Materials used

amine-GO-POSS THF GO, POSS-amine

GO-NH2 DI Water GO, APS

glycidyl-GO-POSS THF GO-NH2, POSS-glycidyl
폴리머, 제49권 제3호, 2025년
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dispersibility of GO in the epoxy composites and to assess the 

interfacial bonding strength between the matrix and the filler, as 

shown in Figure 3. From the observations in Figure 3(a), GO 

demonstrates partial aggregation within the epoxy matrix. In 

contrast, both amine-GO-POSS and glycidyl-GO-POSS show 

uniform dispersion, as illustrated in Figure 3(b) and 3(c), 

respectively. This indicates an enhancement in dispersibility 

within the epoxy matrix due to the incorporation of POSS-amine 

and POSS-glycidyl through grafting. Notably, glycidyl-GO-

POSS also displays robust interfacial adhesion with epoxy.

CNT/glycidyl-GO-POSS is shown in Figure 3(d)-(f). The 

CNTs are densely clustered within the matrix, forming clusters 

with an approximate diameter of 2.5 m, as indicated by the 

arrows in Figure 3(d). As the ratio of CNTs increases, a greater 

number of clusters are formed in the entire area, and the cross-

sectional surface becomes rougher (Figure 3(e) and 3(f)). This 

indicates that the dispersion of CNTs at ratios greater than 3 wt% 

is not optimized, resulting in agglomeration among the CNTs.

Enhancement of Mechanical Property. The representative     

tensile properties of neat epoxy, amine-GO-POSS/epoxy, gly-

cidyl-GO-POSS epoxy, and CNT/glycidyl-GO-POSS are shown 

in Figure 3. Tensile test samples were prepared according to 

the ASTM D638 standard. Figure 4(a) represents Young’s mod-

ulus for each epoxy composite. The neat epoxy demonstrated 

Young’s modulus of 16.12 MPa. The addition of GO, amine-

GO-POSS, or glycidyl-GO-POSS resulted in a significant enhance-

ment of Young’s modulus. Notably, with a glycidyl-GO-POSS 

loading of 20 wt%, there was a remarkable 196.7% increase in 

Young’s modulus compared to the neat epoxy, reaching 31.7 MPa. 

This improvement is attributed to the enhanced interfacial bonding 

strength, facilitated by the effective binding of glycidyl groups 

on the glycidyl-GO-POSS surface to the epoxy matrix.21,23-24

The addition of CNTs reduced Young’s modulus, which can be 

attributed to the agglomeration of CNTs. The tensile strength 

of the epoxy composites is shown in Figure 4(b). Overall, the 

tensile strength increases when fillers are added. Like Young’s 

modulus findings, this increase was most significant at 20 wt% 

of glycidyl-GO-POSS, leading to a 268.7% rise.

Enhancement of Thermal Conductivity. The enhancement     

of physical properties due to increased interfacial adhesion was 

remarkable, affecting not only mechanical properties but also 

thermal properties. The thermal conductivity of epoxy compos-

ites for each filler is illustrated in Figure 5. The thermal con-

ductive properties of the epoxy composites were examined at 

25 ℃.

The thermal conductivity in the horizontal direction is 

shown in Figure 5(a). The horizontal thermal conductive sam-

ples were fabricated to be 25.4 mm in diameter and 0.5 mm in 

thickness. The thermal conductivity of the entire epoxy composite 

in the in-plane direction is higher than that of neat epoxy. The 

GO 30 wt% composite had a thermal conductivity of 0.843 W/mK, 

which was 432.3% higher than that of neat epoxy. The glyc-

idyl-GO-POSS (30 wt%) rose by 585.6%, reaching a maximum 

Figure 2. FTIR spectra of (a) GO, amine-GO-POSS; (b) GO-NH2; 

(c) glycidyl-GO-POSS.
 Polym. Korea, Vol. 49, No. 3, 2025
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value of 1.142 W/mK. This is a 135.4% increase compared to 

the GO 30 wt% composite, which is due to the strong inter-

facial adhesion between glycidyl-GO-POSS and epoxy. The 

CNT/glycidyl-GO-POSS (30 wt%, 5:25) produced no signif-

Figure 3. FE-SEM images of the fractured surface of epoxy composites containing 30 wt% of (a) GO; (b) amine-GO-POSS; (c) glycidyl-

GO-POSS; (d) 1:29; (e) 3:27; (f) 5:25 at the ratio of CNT and glycidyl-GO-POSS.

Figure 4. (a) Young’s Modulus; (b) Tensile Strength of epoxy-based 

nanocomposites.

Figure 5. (a) In-plane thermal conductivity; (b) through-plane ther-

mal conductivity of epoxy-based nanocomposites.
폴리머, 제49권 제3호, 2025년
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icant effects on horizontal thermal conductivity; however, it 

exhibited the most substantial increase in vertical thermal con-

ductivity, as shown in Figure 5(b). The vertical thermal con-

ductive samples were prepared with a diameter of 12.7 mm and 

a thickness of 2 mm. The vertical thermal conductivity expe-

rienced a slight enhancement across all epoxy composites when 

compared to the neat epoxy. Nevertheless, the notable increase 

observed in the CNT/glycidyl-GO-POSS (30 wt%, 5:25) can 

be attributed to the synergistic effect of the bridging phenom-

enon, where the CNTs function as 3D connectors between the 

layers of the glycidyl-GO-POSS sheet.25

Viscoelastic Properties of Uncured and UV-cured GO/      

epoxy Nanocomposites. The rheological properties of the      

fillers in uncured epoxy composites were determined through 

a frequency sweep test ranging from 0.1 to 100 rad/s using a 

rheometer. The complex viscosities provided insights into both 

the dispersion of filler particles within the epoxy matrix and 

the viscoelastic behavior exhibited by the nanocomposites. 

Figure 6(a)-(d) represents the complex viscosities of the nano-

composites with varied compositions. The overall trend indi-

cated a rise in complex viscosity with increasing filler content. 

Notably, amine-GO-POSS demonstrated a slight increase com-

pared to GO, particularly evident at 30 wt%. As observed with 

amine-GO-POSS, glycidyl-GO-POSS also exhibited a signif-

icant increase at 30 wt%. This suggests a favorable interface 

bonding strength of functionalized GO and reduced agglom-

eration compared to untreated GO.26 Additionally, the complex 

viscosity of CNT/glycidyl-GO-POSS increased progressively 

with higher ratios of CNT. This phenomenon can be attributed 

to the increased bridging effect due to the additional connec-

tions within the glycidyl-GO-POSS sheets.

Figure 6(e)-(h) displays the tan δ values of uncured epoxy 

composites containing various filler contents. When a polymeric 

material is deformed, part of the energy is stored elastically, while 

the remainder is lost as heat due to its viscous nature.27 Tan δ, 

defined as the ratio of storage modulus (G') to loss modulus 

(G''), is known as a damping factor. As the increase in filler con-

tent, the tan δ value decreases, which is attributed to increased 

elasticity. At low frequency, 30 wt% of amine-GO-POSS exhibited 

a slight reduction in tan δ compared to GO, whereas 30 wt% 

of glycidyl-GO-POSS showed a notable decrease. This trend 

suggests that the epoxy composite solution becomes more elas-

tic due to enhanced interfacial adhesion, especially with glyc-

idyl-GO-POSS compared to amine-GO-POSS. The cured epoxy 

Figure 6. Complex viscosity of uncured epoxy nanocomposites: (a) GO/epoxy; (b) amine-GO-POSS/epoxy; (c) glycidyl-GO-POSS/epoxy; 

(d) CNT/glycidyl-GO-POSS/epoxy. Tan δ value of uncured epoxy nanocomposites; (e) GO/epoxy, (f) amine-GO-POSS/epoxy; (g) glycidyl-

GO-POSS/epoxy; (h) CNT/glycidyl-GO-POSS/epoxy. Tan δ value of UV-cured epoxy nanocomposites; (i) GO/epoxy; (j) amine-GO-POSS/

epoxy; (k) glycidyl-GO-POSS/epoxy; (l) CNT/glycidyl-GO-POSS.
 Polym. Korea, Vol. 49, No. 3, 2025
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nanocomposites were analyzed for tan delta using dual cantilever 

for measuring DMA to investigate their rheological behaviors 

in the solid state, as shown in Figure 6(i)-(l). Interestingly, the 

behavior of epoxy composites after curing increases the tan δ

value as the filler content rises, which contradicts the behavior 

observed before curing. In the case of GO, as the content increases, 

the rate of increase in tan δ is large, while for amine-GO-POSS 

and glycidyl-GO-POSS, the rate of increase in tan δ not only 

decreases but also shows low tan δ values. Notably, the tan δ

values of both glycidyl-GO-POSS and CNT/glycidyl-GO-POSS 

marginally rise with increasing content. This is attributed to the sta-

ble elastic properties resulting from the strong interfacial bond-

ing between the glycidyl-GO-POSS and the epoxy matrix. 

Additionally, the good damping effect within the nanocomposite, 

resulting from the strong interfacial affinity between modified-

GO and the epoxy matrix, further contributes to this behavior.28

Conclusion

GO has various functional groups and shows promise as a 

nanofiller that improves mechanical and thermal properties. In 

this study, the impact of each functional group on the epoxy 

matrix composite was examined by modifying the functional 

groups of GO with two types of POSS (POSS-amine, POSS-

glycidyl). The Young’s modulus and complex viscosity of glycidyl-

GO-POSS and amine-GO-POSS were enhanced compared to 

GO, suggesting that the dispersibility of the filler within the 

epoxy matrix influences rheological properties. Particularly, 

glycidyl-GO-POSS exhibited the most improved dispersion 

characteristics, increasing Young’s modulus by up to 116.2% 

compared to GO. Considering these properties, the introduc-

tion of POSS-glycidyl effectively enhanced the mechanical 

and thermal properties due to improved interfacial bonding 

strength and dispersibility within the epoxy matrix. It holds 

great potential as a novel reinforcement for high-performance 

nanocomposites.
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